A model-free method of reconstructing depth-specific lateral scattering from incident-angle-resolved grazing-incidence small-angle X-ray scattering (GISAXS) data is proposed. The information on the material which is available through variation of the X-ray penetration depth with incident angle is accessed through reference to the reflected branch of the GISAXS process. Reconstruction of the scattering from lateral density fluctuations is achieved by solving the resulting Fredholm integral equation with minimal a priori information about the experimental system. Results from simulated data generated for hypothetical multilayer polymer systems with constant absorption coefficient are used to verify that the method can be applied to cases with large X-ray penetration depths, as typically seen with polymer materials. Experimental tests on a spincoated thick film of a blend of diblock copolymers demonstrate that the approach is capable of reconstruction of the scattering from a multilayer structure with the identification of lateral scattering profiles as a function of sample depth.
A model-free method of reconstructing depth-specific lateral scattering from incident-angle-resolved grazing-incidence small-angle X-ray scattering (GISAXS) data is proposed. The information on the material which is available through variation of the X-ray penetration depth with incident angle is accessed through reference to the reflected branch of the GISAXS process. Reconstruction of the scattering from lateral density fluctuations is achieved by solving the resulting Fredholm integral equation with minimal a priori information about the experimental system. Results from simulated data generated for hypothetical multilayer polymer systems with constant absorption coefficient are used to verify that the method can be applied to cases with large X-ray penetration depths, as typically seen with polymer materials. Experimental tests on a spincoated thick film of a blend of diblock copolymers demonstrate that the approach is capable of reconstruction of the scattering from a multilayer structure with the identification of lateral scattering profiles as a function of sample depth.
Introduction
Surfaces and interfaces play an essential role in an everincreasing range of technologically important materials. While direct probes such as atomic force microscopy (AFM) and scanning tunnelling microscopy (STM) can offer effective characterization of both surface (Leroy et al., 2008; Fruchart et al., 2003) and below-surface (Dietz et al., 2008) structures, the resulting information is generally limited to small areas and does not readily provide access to statistically averaged quantities, which are often necessary to compile a complete picture of static and dynamic properties. X-ray techniques have been shown to be ideal tools (Foster, 1993) for the characterization of structure parallel and perpendicular to surfaces and interfaces. Grazing-incidence X-ray diffraction (GIXD) (David et al., 2008; Heo et al., 2008; Robinson et al., 2005) and X-ray reflectivity (XRR) (Fenter & Park, 2004) are established tools for the measurement of laterally homogeneous material structure normal to the surface. Grazingincidence small-angle X-ray scattering (GISAXS) offers access to scattering information in the plane of the surface (Lee et al., 2008 (Lee et al., , 2007 Lee, Park et al., 2005; Busch et al., 2007; Mü ller-Buschbaum, 2003) , relative to both the direct and, for the correct choice of incident angle with a dense substrate supporting a film of the material, the reflected beams.
Both GIXD and GISAXS have often been applied to obtain qualitative depth-profiling measurements through variation of the incident and exit angles (Stein et al., 2007; Colombi et al., 2007; Pfeiffer et al., 2004; Ferrero et al., 2003; Gibaud et al., 2003; Neerinck & Vink, 1996) to control the penetration depth in the sample. When either or both of the incident or exit angles are below the critical angle at the air-material interface, the radiation probe is confined to the surface layer down to a depth of the order of 10 nm. At higher angles, the scattering depth can extend to microns, well into the bulk phase or supporting substrate. The resulting scattering information represents a cumulative average of the scattering seen over the full range of material encountered by the X-rays. An alternative approach to obtaining true depth-specific scattering information has been suggested by Reichert et al. (2003) , relying on high-energy X-ray microbeams to directly probe material layers at different depths below the surface by impinging on the sample from one side. Fruchart et al. (2003) discuss the combined use of STM and GISAXS methods to separate surface from below-surface scattering information.
The possibility of obtaining true depth-specific information from conventional X-ray diffraction measurements has been addressed in recent reports (Kö tschau & Schock, 2006; . In this work, the method of , which employs a modelindependent numerical method of resolving scattering information specific to varying depths below the surface, is applied to GISAXS data. The desired result from data obtained using a series of incident angles is a reconstruction of the lateral or in-plane scattering from specific depths below the surface. The theoretical foundation of the proposed procedure for GISAXS applications is first outlined. The numerical approach is formulated and tested on simulated data gener-ated from hypothetical multilayer systems with well defined in-plane electron-density inhomogeneity. The method is then extended to a test-case study of experimental GISAXS data from a blend of two immiscible diblock copolymers spincoated onto a silicon substrate. The copolymer blend was chosen as a test system since it exhibits both macro-and microphase separation, thereby creating a multilayered system with distinct lateral structures characterizing the different layers.
Block copolymers have long been recognized as having great potential for the fabrication of organized nanostructures and devices (Metwalli et al., 2008; Hamley, 1998) . The phenomenon of self-ordering, driven by the incompatibility of unlike polymer segments, offers an ideal alternative to topdown manufacturing methods for nanoscale devices. The bulk microstructures of these materials have been well characterized using microscopy and small-angle scattering methods. However, it is well known that surface microstructure and mobility effects can differ significantly from the bulk case and will vary with depth below the surface (Kitano et al., 2007; Kawaguchi et al., 2003; Brown & Chakrabarti, 1994) . The extent to which surface effects are manifested below the airpolymer interface is not well established. It is reasonable to expect that the presence of physical and/or chemical crosslinking in a highly entangled system of long-chain molecules would extend surface effects well beyond the size of a single molecule. A detailed understanding of depth-dependent static and dynamic properties is essential to the development of highly functionalized materials. These considerations are the driving force behind the current effort to apply depth-profiling procedures such as that proposed by to thick polymer films. It is anticipated that the preliminary results reported here can be extended to development of depth-dependent phase diagrams of copolymer surfaces and measurement of the ordering kinetics seen in response to thermal quenching (Singh et al., 2007) between distinct copolymer phases at specific depths below the surface.
Theoretical foundation 2.1. GISAXS basic formulae
The basic setup of a GISAXS experiment referring to a medium of finite thickness supported on a semi-infinite substrate is sketched in Fig. 1 . It is assumed that three media [air/vacuum, medium (m) , substrate (s)] exist with relative indices of refraction n air < n m < n s . The theoretical formulation of GISAXS derived recently (Lee, Park et al., 2005; Lee et al., 2007; is briefly reviewed here to establish the conceptual basis for the depth-profiling procedure.
For an incident plane wave of wavevector k i and exit plane wave with wavevector k f , the boundary conditions imposed by Maxwell's equations yield two solutions (Lee et al., 2007; Dosch, 1992) for the electric field inside a uniform medium at r, where the medium of thickness d is bounded above by the vacuum and below by the substrate,
Following Lee et al. (2007) , r ¼ ðr jj ; zÞ, k jj is the wavevector component parallel to the interface,k k z;j (with j = i, f) is the refracted component of the wavevector normal to the interface, and the amplitudes of the transmitted and reflected waves inside the medium are given by the Fresnel coefficients T j and R j . As usual, * indicates the complex conjugate. Conventional X-ray reflectivity information associated with substrate-supported homogeneous films is not accounted for in this formulation. The above solutions are exact for smooth interfaces bounding a uniform medium with electron density "
. If it is assumed that the medium includes local deviations in electron density that are sufficiently small to be treated as perturbations, the electron density is written as ðrÞ ¼ " þ ÁðrÞ. The deviations ÁðrÞ give rise to a scattering potential (Lee et al., 2007; Born & Wolf, 1999) VðrÞ ¼ vr o ÁðrÞ, where v is the total volume occupied by ÁðrÞ and r o is the classical electron radius (Als-Nielsen & McMorrow, 2001) . In the first-order Born approximation, the scattering amplitude for q = k f À k i at a distance R far from the scattering region is given by
where k is the magnitude of the wavevector ðk ¼ jk i j ¼ jk f jÞ and the integration is over the volume of the medium. As noted by numerous authors (Lee, Park et al., 2005; Lee et al., 2007; Vartanyants et al., 2007; , when the incident angle i is greater than the air-medium critical angle, c,m , the total scattered wave amplitude can be written as the sum of four distinct scattering amplitudes resulting from the product of terms in equation (2). For the current case of a medium of finite thickness supported by a semi-infinite substrate (Lee, Park et al., 2005; Lee et al., 2007; , this sum has been shown to be where q jj ¼ k jj;f À k jj;i is the in-plane momentum transfer vector. The individual z components of the momentum transfer inside the medium, q 1;z ¼k k z;f Àk k z;i , q 2;z ¼ Àk k z;f Àk k z;i , q 3;z ¼k k z;f þk k z;i and q 4;z ¼ Àk k z;f þk k z;i , are identified with specific scattering processes by noting the condition yielding q i,z = 0. In the case of q 2,z and q 3,z , this occurs whenk k z;f ¼ Àk k z;i , indicating scattering about the reflected beam (Stein et al., 2007; Lee, Park et al., 2005) . Similarly, q 1,z and q 4,z are identified as representing scattering about the direct beam. Since q 1,z = Àq 4,z and q 2,z = Àq 3,z , the GISAXS amplitude may be identified as being the sum of two sets of scattering events about the direct and reflected beams.
Assuming that the cross terms resulting from the product of equation (2) can be neglected (Lee, Park et al., 2005; and that the incident angle is greater than the air-medium critical angle, the observed intensity is effectively the sum of two distinct sets of scattering events by the direct ðk k z;i Þ and reflected ðÀk k z;i Þ sources. In this work it is assumed that these scattering events can be distinguished in the measured GISAXS data (Lee, Park et al., 2005) and only the results of scattering from the reflected beam will be considered. In addition, it will be assumed that consideration can be restricted to q 3,z terms only. As described previously (Stein et al., 2007) , scattering associated with q 2,z occurs before specular reflection from the substrate while scattering associated with q 3,z occurs after specular reflection. Ideally, GISAXS experiments relying on the reflected beam use an incident angle within the range c,m < i < c,s , where c,s is the critical angle of the substrate. Given that the materials of interest are assumed to be weak scatterers within the Born approximation, the large path lengths introduced by the shallow incident and exit angles of a typical GISAXS experiment imply that scattering associated with q 2,z will be negligible in comparison to scattering occurring after specular reflection (q 3,z ). In the latter case, absorption of the scattered radiation takes place only on the path out of the sample towards the detector . With these assumptions in place, the scattered wave amplitude of interest,
where F < ðqÞ represents the kinematic structure amplitude associated with the specific branch of GISAXS given by the momentum transfer q 3,z . For incident radiation of wavelength the momentum transfer ðq jj ; q 3;z Þ inside the medium for the specific scattering process of interest has components (Dosch, 1992) q x ¼ ð2=Þðcos 2 cos f À cos i Þ;
Following the convention defined in Fig. 1 , i and f are the incident and exit angles relative to the interface in the (xy) plane, i and f are the refracted incident and exit angles seen inside the medium, and 2 is the horizontal scattering angle (no refraction). Rewriting q 3,z in terms of the directly measured quantities, i and f , for a medium of uniform index of refraction, n m = 1 À m + i m (Als-Nielsen & McMorrow, 2001),
The scattering depth describing the interaction range of the X-ray probe inside the medium is given by the inverse of the imaginary component of q 3,z Dosch, 1992) ,
With the real part of q 3,z written as Q z Re(q 3,z ), the scattering amplitude is written as
where F < jj ðq jj ; zÞ represents the in-plane structure amplitude at a position (depth) z inside the medium (Dosch, 1992) .
Finally, the observed intensity of that part of the GISAXS profile under consideration is proportional to the absolute square of the scattered wave amplitude,
Consider now a representation of the integral for the structure amplitude over z in discretized form, summing over layers of finite thickness, Áz, with N layers extending from Àd < z < 0. In each layer, located at z = z j , the ratio z j /Ã is written as a constant and the possibility of an index of refraction varying with depth is neglected as a first-order approximation. The thickness Áz is chosen to be sufficiently large to give access to structural information within the layer and, as discussed later, to allow for incoherent addition of scattering amplitudes from different layers (Luo & Tao, 1996) . It should be noted that this construction is not intended to apply to a discrete layer system with sharp interfaces . The scattering amplitude becomes
The observed intensity can therefore be written as the sum over independent scattering contributions from the individual research papers layers, weighted by the absorption terms, and the cross terms arising from the products of structure amplitudes of different layers.
A rigorous theoretical treatment dealing with the role played by the cross terms will not be attempted in this work. Instead, it will be assumed that for the applications of interest the intensity contribution from the interference term, I < cross , may be neglected. That is, a minimum layer thickness, Áz, is chosen to allow for incoherent summation of the scattering amplitudes from the layers at z j (Luo & Tao, 1996) . This situation may be realized when dealing with finite layer thickness in the absence of a highly coherent X-ray source with the assumption that the usual experimental difficulties associated with GISAXS measurements (Schlepü tz et al., 2005) have been successfully dealt with. The observed scattering about the reflected GISAXS beam is then simply expressed as the sum of scattering intensities from N layers, weighted by the absorption factor, expðÀ2z j =ÃÞ.
The final expression for the GISAXS relative to the reflected beam can be compared to similar integral formulations that have been used in depth-resolved X-ray diffraction analysis Luo & Tao, 1996) and early reports on the application of GISAXS methods to the study of thin surface layers (Naudon et al., 1991) . For the simple case of a material with a constant linear absorption coefficient ( = 2k m ) referring to intensity attenuation rather than amplitude attenuation (Als-Nielsen & McMorrow, 2001) , the observed X-ray diffraction intensity can be written as
In equation (12), i is again the angle of incidence relative to the sample surface and 2 d is the scattering angle in the plane of incidence relative to the direct beam. Diffraction data from the medium at depth z, I(z, d ), are recovered. assumed that the medium was homogeneous in the direction parallel to the interface throughout the depth of the sample. For the purposes of this work, the procedure outlined by is adapted to deal with GISAXS data obtained for varying incident angle, i , typically using two-dimensional detection giving access to scattering information as a function of both 2 d (alternatively f ) and q || . In particular, information regarding variations of in-plane scattering as a function of depth below the sample surface is desired. The present goal is therefore reconstruction of scattering information I(q || , z) from specific depths z below the sample surface for fixed Q z . It must be noted that the condition of fixed Q z generally implies variation of f with varying i [Q z Re(q 3 , z), where q 3,z is given in equation (6)]. In accordance with the basic premise of the depth-profiling algorithm, the scattering depth Ã( i , f ) will vary with i when Q z is held fixed. The original procedure proposed by can, of course, still be applied to obtain information of the form I(Q z , z) for fixed q || .
Depth-profiling algorithm
Equation (11), written now in integral form with I < cross neglected, can be used as the starting point for applying the numerical methods proposed by to extract intensities I < ðq jj ; Q z ; zÞ from the measured scattering profiles obtained for a range of i values.
Including geometric factors associated with the beam cross section on the sample and explicit reference to the angle of incidence, equation (11) is rewritten as
The intensity contribution, I < ðq jj ; Q z ; zÞ, is a function only of the scattering power for the below-surface layer at z for the momentum transfer, (q || , Q z ), independent of the i geometrical factor. The scattering depth for the layer at a depth z, Ã( i , f ), is a function of incident and exit angle relative to the air-material interface and can be written as Ã( i , Q z ). In the following discussion it is assumed that the measured GISAXS data are processed to account for parasitic background and the |R i T f | 2 /sin i prefactor in equation (13). For fixed (q || , Q z ) equation (13) can then be identified as a standard Fredholm integral equation of the first kind with a kernel given by K(z, i ) = exp(À2z/Ã). The observed scattering intensity measured for varying incident angle i can then be written as
The notation used here is intended to follow that of in referring to I < ð i ; q jj ; Q z Þ and I < ðq jj ; Q z ; zÞ as I obs ð i Þ and I o ðzÞ, respectively. Recovery of the scattering for a given value of (q || , Q z ) from the medium at a depth z below the sample surface, I o ðzÞ, is the goal of the depth-profiling procedure.
Inverting integrals of the form given in equation (14) is known to be complicated by the fact that small perturbations in the measured quantity, I obs ð i Þ, can lead to large distortions in the recovered values for I o ðzÞ (Svergun, 1992; . have proposed a numerical method of determining I o ðzÞ as a linear combination of n Chebyshev polynomials, T j (z), using the method of collocation (Boyce & DiPrima, 1997 
According to the method of collocation, values for I o ðzÞ are calculated at depth values z that coincide with the zeros of the nth Chebyshev polynomial,
This approach is applied to ensure the best fit of equation (14) for the observed data (after processing as noted above) at all i values. Values for the scattering intensity for fixed (q || , Q z ) momentum transfer are thereby determined at specific depth locations, z o j . Defining the matrix T of values of the Chebyshev polynomials calculated for a medium of thickness d at the zeros of the nth Chebyshev polynomial, T i ðz o j Þ, the final solution of interest is written as
For m incident angles i,k , k ¼ 1; . . . ; m, equation (14) 
The m Â n matrix of definite integrals, Z, is in general not square. Following the solution prescription outlined by , the final goal of determining the vector of coefficients, a, is achieved using linear regularization. They identify a residual function which incorporates a stabilizer that is the product of a regularization parameter, , and a function of the solution, I o ðzÞ. First-order regularization (Press et al., 1992) is incorporated in the form of the (n À 1) Â n matrix B, introduced below. The final result for the vector of coefficients a is the solution of the equations [see for details of the derivation]
In equation (20) the value of the constant, c, is determined by a combination of the objective 2 criterion (Press et al., 1992) and a subjective identification of a non-negative result with an acceptable degree of smoothness in the final solution (Svergun, 1992) . report that a value of c = 0.3 worked well for their numerical experiments. Finally, the solution to equation (19) yields the vector of coefficients, a, which is used in equation (17) to calculate I o ðz o j Þ for fixed (q || , Q z ). The matrices of equation (19), Z, B and T, are independent of q || . Therefore, for a given (fixed) value of Q z , the calculation outlined in equation (19) can be straightforwardly repeated for each vector of observed intensities I obs ð i;k Þ at different q || to reconstruct the depth-specific scattering intensity in the horizontal plane, I o ðz o j ; q jj Þ.
Application of the depth-profiling algorithm
In this section the proposed method of GISAXS depth profiling is applied to both simulated and experimental data using the MATLAB programming environment. The simulated systems consist of thick, thin and bilayer films without explicit reference to the multiple-scattering effects that must be considered for real substrate-supported films. That is, ideal conditions including the avoidance of reflectivity effects (Lee et al., 2007) are assumed. The choice of model systems follows that of to provide a straightforward test of the validity of the modifications to the original numerical method described above. An application to an experimental test case of angle-resolved GISAXS data from a simple blend of diblock copolymers spin-coated onto a silicon substrate is used to assess the feasibility of the method for dealing with real systems. In all cases considered, the simplest condition of an approximately uniform absorption factor is assumed. The possibility of incorporating a variable absorption factor has been addressed for (wide-) angleresolved X-ray diffraction Kö tschau & Schock, 2006) .
Simulated data
Simulated data were generated following the general prescription associated with scattering about the direct (transmitted across the air-material interface) beam (Naudon et al., 1991) for three ideal test cases similar to those examined by . A uniform absorption coefficient, = 2.5 Â 10 À7 nm À1 , air-medium critical angle of 0.07 , X-ray wavelength of 0.119 nm and total film thickness, D, of 3 mm are assumed for all cases. An incident-angle range of 0.0700-0.1650 with increments of 0.0025 was used to generate simulated data with the ideal q y (q || ) range of 0.01-1.00 nm À1 . Hypothetical scattering depths varied from about 195 nm to 1.06 Â 10 4 nm. Ideal scattering was generated to simulate the appearance of a small-anglescattering profile for a hypothetical system of particles with no long-range ordering using the sum of a Gaussian centred about the direct beam and a Lorentzian centred at q y = 0.5 nm À1 . It is assumed that the scattering data were located at the specular location so that the requirement of fixed Q z = 0 is automatically satisfied. Depth-resolved data were recovered using 40 terms (n = 40) in the Chebyshev polynomial series with the result that lateral scattering was constructed at 40 unevenly spaced locations within the sample depth. Depth profiling following the prescription outlined in x2.2 was performed assuming knowledge of the true absorption, , and Acta Cryst. for reasonable (within AE0.90D) estimates of sample thicknesses. Reasonable solutions were not possible for sample thicknesses that were overestimated by more than about 15%. The practical question of identifying the best solution to the ill-posed integral equations (13) and (14) has not yet been thoroughly dealt with through development of a mathematical statement of best-fit criteria (Svergun, 1992) . For the purposes of this work, an approximate visual criterion of a non-negative solution without oversmoothing resulted in a typical value of c ' 0.1 in equation (20), yielding the perceived best solution.
For the simplest case of a single homogeneous layer of 3 mm thickness, the simulated measured intensity seen with varying incident angle is shown in Fig. 2(a) . (Intensity data are given in arbitrary units for all figures.) It is assumed that the substrate is completely homogeneous and does not scatter. Fig. 2(b) shows the recovered scattering as a function of q y in the plane of the sample surface and as a function of Àz, the depth below the surface. Fig. 3(a) demonstrates the case of a thin homogeneous film of thickness 0.6 mm with a single peak located on a layer of 2.4 mm of material of similar and no structure. The two layers are separated by an unphysical sharp interface. The simulated observed scattering as a function of incident angle is shown in Fig. 3(b) . Reconstructed scattering as a function of depth, Àz, below the sample surface using 40 terms in the collocating polynomial series is shown in Fig. 3(c) with the inset indicating the trends of the calculated and known peak intensities. As noted by , the presence of a discontinuity in the model system results in oscillations in the recovered intensity in the vicinity of the q y location of the model peak. Fig. 4(a) simulates the observed scattering for a bilayer with an upper layer of thickness 1.2 mm on top of a buried layer of thickness 1.8 mm, the two layers having similar absorption coefficients and different lateral structures. The top layer is assigned a relatively weak interaction peak located at q y = 0.2 nm À1 and the buried layer has a more intense peak at 0.5 nm À1 . Once again, the two layers are separated by an unphysical sharp interface. Fig. 4(b) shows the reconstructed scattering as a function of depth below the surface using 40 terms in the polynomial series while Figs. 4(c) and 4(d) show the trends of the calculated and known interaction peak intensities for the two layers. The basic ability of the procedure proposed by to recover lateral scattering from buried layers is apparent.
The simulated results presented here demonstrate that the modification to the original numerical method proposed by and is viable without addressing the much more complex question of isolating and correctly processing the reflected source branch of the multiplescattering processes typically seen with GISAXS data.
Experimental data
The minimum requirement for a test-case sample is that it exhibits distinctly different GISAXS as a function of depth. In addition, an alternative, direct method of identifying depthdependent structure as an independent test of the proposed procedure is required. The sample should be thick enough (> 1 mm) to permit differentiation of surface, intermediate bulk and near-substrate in-plane structure. A viable candidate was identified in a blend (50-50 wt%) of poly(tert-butyl acrylate-b-methylmethacrylate) (BM) and poly(styrene-bisoprene) (SI). The polymer samples, purchased from Polymer Source Inc., were synthesized by anionic polymerization. The polydispersity of the BM sample was 1.03 with block number average molecular weights of 18 400 [poly(tert-butyl acrylate) (PtBuA)] and 3100 [poly(methyl methacrylate) (PMMA)]. The SI sample polydispersity was given as 1.08 with block number average molecular weights of 36 000 [polystyrene (PS)] and 17 000 [polyisoprene (PI)]. Supported film samples were prepared by first dissolving the combined, as-received polymers in excess dichloromethane to form a 4 wt% (g ml À1 ) solution. The polymer blend solution (BMSI) was then spincoated at 500 r.p.m. for 10 s and then at 2500 r.p.m. for 30 s onto cleaned Si(100) wafers (Singh et al., 2007) . The polymer film (BMSI) was annealed at 393 K for 12 h in a dry N 2 environment. An average linear absorption coefficient of 2.5 Â 10 À7 nm À1 was estimated for the blend (http://physics.nist.gov/PhysRefData/XrayMassCoef). Cross-sectional scanning electron microscopy (SEM) images of the film structure indicated the presence of a 'bumpy' structure ( Fig. 5 ) similar to that reported by Wang et al. (2002) for films of pure PtBuA as a result of AFM measurements. The cause of the observed film structure in this case has not yet been determined. As shown in the inset of Fig. 5 , where polymer is identified on the native oxide substrate surface, it appears to be composed of three distinct layers with a thin upper layer at the air interface of about 100 nm in depth and a thicker buried layer at the substrate of about 500 nm.
GISAXS measurements were performed at D-line of the Cornell High Energy Synchrotron Source (CHESS) at Cornell University in Ithaca, NY, USA, using the sample chamber described by Singh et al. (2007) . The basic beamline configuration is described elsewhere (Busch et al., 2007) . Working with an energy of 10.4 keV, the X-ray beam spot size at the sample was 100 mm (vertical) by 500 mm (horizontal). The sample-to-detector distance was 1830 mm. Final calibration of the two-dimensional charge-coupled device (CCD) detector (1024 by 1024 pixels with a pixel size of 47.2 mm) was performed using a silver behenate standard and found to be 678 pixels per degree. In addition to the usual primary beamstop blocking the direct beam, a vertical strip beamstop was used to protect the CCD detector from the specularly reflected beam. No information on the beam divergence was available. Sample alignment was performed using an ion chamber to measure conventional X-ray reflectivity. The resulting data allowed identification (Busch et al., 2007) of the zero angle ( i = 0.0 ), the air-material critical angle and the substrate critical angle. No Kiessig fringes, characteristic of the homogeneous film on the substrate, were resolved, implying that the film was thicker than the estimated 0.3 mm resolution limit of the beamline. The sample was repositioned after alignment and at regular intervals during angle-resolved measurements to ensure reference to fresh sample surface without radiation damage.
Two-dimensional GISAXS profiles of the BMSI film structure at 323 K for varying incident beam angles of i = 0.067, 0.080, 0.100 and 0.114 are shown in Fig. 6 . Following Fig. 1 , the two-dimensional scattering profiles are defined by two perpendicular axes with the in-plane exit angle expressed as 2 and the out-of-plane exit angle expressed as f , relative to the sample surface. It is clear that the lateral structure at Q z = 0 (the vertical location of the specular beam) varies with angle (penetration depth). An intense primary peak is located at 2 ' 0.19 (q y ' 0.18 nm À1 ), although this is not clearly resolved by the colour map, which is chosen to identify weaker (by two orders of magnitude) higher-order peaks at 2 ' 0.37 and 0.49 . The in-plane lateral structure at low i with relative peak locations 1:4 1/2 :7 1/2 seen in Fig. 6(a) is not seen in GISAXS measurements with the bare substrate. In addition, BMSI films prepared from the same solutions using the same spin-coating protocol but with substrates treated to be strongly hydrophobic (Shin et al., 2001) exhibit GISAXS profiles which are similar to Fig. 6(a) , with three distinct lateral peaks for the full range of incident angles considered; the coalescence of the two higher-order lateral peaks into a single Cross-sectional SEM image of the BMSI polymer blend on the silicon substrate with an inset highlighting the apparent multilayer structure. broad peak at 2 ' 0.43 is not seen at high i with hydrophobic substrates. The substrate for the data reported here (Fig. 6 ) was effectively neutral (not strongly hydrophobic). It is therefore reasonable to assume that the observed scattering is due to the polymer structure and that this structure varies as a function of depth in the sample as well as with the nature of the polymer/substrate interface. Fig. 7 shows a three-dimensional surface plot of the lateral scattering at high q y , excluding all scattering associated with reflectivity processes as well as the intense primary peak, for the BMSI sample at 323 K at the specular position ( f = i ) for varying i . The primary peak is excluded to avoid any possible contamination of the lateral scattering data by reflectivity effects. Data were recorded for 24 angles in increments of 0.0025 AE 0.0005 . A nominal angular range of 0.0700-0.1275 was used with precise measures of true incident angle obtained upon close inspection of the two-dimensional images. Transmission SAXS data for similar polymer materials were obtained using a conventional X-ray tube with a line-focus Cu K (8.05 keV) source. Background corrected, binned and desmeared data (Singh et al., 1993) obtained with approximately 5 h exposure times for the pure BM, pure SI and blended BMSI samples are shown in the inset of Fig. 7 . The SI sample exhibits a strong primary peak at q* = q y ' 0.18 nm À1 and weaker (by about two orders of magnitude) peaks at locations 3 1/2 q*:4 1/2 q*:7 1/2 q* characteristic of a hexagonally ordered structure. Except for the absence of the second lateral peak expected at the q = 3 1/2 q* position, the locations and relative intensities of the primary peak and the weak secondary peaks seen with pure SI and the blended BMSI in the bulk phase are consistent with the low i GISAXS observations of Fig. 6(a) . The GISAXS data at the high incident angle of 0.114 (Fig. 6d ) exhibit the strong primary peak at q y ' 0.18 nm À1 (not visible in the image) as well as a weaker broad peak at q y ' 0.4 nm À1 . The broad peak may be associated with the presence of pure BM sample structure, although that peak is located at q y ' 0.5 nm À1 in the bulk phase (Fig. 7) . Some distortion can be expected due to the presence of scattering from pure SI (or mixed BMSI) as well as possible interface interaction effects.
The GISAXS data for angles i > c,m at values q y > 0 (excluding all possible reflectivity effects) were corrected for parasitic background and the T f coefficient of equation (13) (R i ' 1). The data were then processed using the algorithm described above to reconstruct the lateral scattering as a function of depth below the surface for values of Àz determined by the use of 40 terms in the Chebyshev polynomial series and an estimated total film thickness of 3 mm. Ideally the sample thickness would be a known parameter but, as discussed above, SEM data and X-ray reflectivity were not useful in identifying a well defined value. The choice of 3 mm for the fitting procedure offered the best results in terms of the usual visual criteria of a non-negative solution without oversmoothing. The resulting scattering profiles for the 323 K BMSI sample are shown for a range of depths in Fig. 8(a) . It is acknowledged that a definite relation between the scattering data and the visual image offered by SEM has not been clearly established. It is, however, clear that angle-resolved GISAXS measurements ( Figs. 6 and 7) identify a structure which changes with depth for this sample. In contrast, cross-sectional SEM images of pure styrene-butadiene films (Singh et al., 2007) prepared using similar spin-coating methods did not offer any visual evidence of a multilayer structure and no variation of the observed GISAXS data was observed with varying incident angle for this material, where a random orientation of lamellar domains was identified. 
Figure 6
Two-dimensional GISAXS images for the 323 K BMSI polymer at (a) i = 0.067 , (b) i = 0.080 , (c) i = 0.100 and (d) i = 0.114 .
of Fig. 5 is approximately consistent with the reconstructed data. The depth-profiled data imply that either pure SI or blended BMSI (or both) is located at the air-material interface, while pure BM is located at the substrate interface. A temperature effect can be clearly identified when comparing Figs. 8(a) and 8(b). At 323 K (Fig. 8a) , two distinct peaks associated with the air-material interface are observed at q y ' 0.345 nm À1 and at 0.450 nm À1 . At 473 K (Fig. 8b) , the air-material interface exhibits a significantly different scattering profile, approaching a broad plateau in the range 0.32-0.43 nm À1 rather than a double-peak structure. At 473 K the scattering profile for material at the substrate interface is again distinctly different from that seen for material at the air interface. This scattering is also distinctly different in shape from that seen with the 323 K sample at the same depth. The effect of temperature can also be seen in the differences in the scattering profiles associated with intermediate layers for the two temperatures. Detailed curve fitting of reconstructed scattering profiles to quantify the temperature effect in terms of sample depth is in progress.
Finally, the effect of the enhancement expected as a result of the Fresnel T f coefficient of equation (13), calculated assuming ideal interfaces possessing no roughness for values of i close to c,m , was not clearly observed with these data. Fig. 9 shows the summed intensity values at the specular position for a range of 0.25 nm À1 < q y < 0.62 nm À1 with and without correction for the jT f j 2 coefficient. Fig. 10 shows the reconstructed depth-dependent lateral scattering for the 323 K BMSI sample using data that were not corrected for the ideal Fresnel coefficient. The observed trend in the scattering as a function of depth, consistent with a three-layer system, is Three-dimensional surface plot of the specular lateral scattering ( f = i ) for varying i with the 323 K BMSI polymer film. The inset shows transmission-mode SAXS data for pure BM, pure SI and blended BMSI samples.
Figure 8
(a) Reconstructed lateral scattering profiles for the 323 K BMSI film as a function of depth below the surface. (b) Reconstructed lateral scattering profiles for the 473 K BMSI film as a function of depth below the surface. The legend shows the depths in nm.
Figure 9
Summed lateral scattering at the specular position for high q y without (diamonds) and with (circles) correction by the transmission Fresnel coefficient.
Figure 10
Reconstructed lateral scattering profiles for the 323 K BMSI films as a function of depth below the surface with no correction for the Fresnel coefficient. The legend shows the depths associated with the different scattering profiles in nm. not obviously affected, suggesting that the proposed procedure, when applied to real systems, is not highly sensitive to amplitude distortions that may result from waveguide effects (Lee et al., 2008) occurring in the region c,m < i < c,s .
Discussion and conclusions
In this report, a procedure for adapting a recently proposed depth-profiling algorithm to the task of reconstructing small-angle-scattering profiles as a function of specific depths from incident-angle-resolved GISAXS data has been described. The basic extension of the original method, dealing with reconstruction of scattering normal to the interface with assumed material homogeneity parallel to the surface, to one allowing reconstruction of scattering from lateral inhomogeneities has been tested using simulated data for layered systems. Application to GISAXS data requires a careful consideration of the multiple-scattering processes that have been shown to result from the presence of substrate reflections. The method proposed here is based on the assumptions that scattering relative to the reflected beam can be isolated, that reflectivity effects are removed and that correlations between hypothetical layers introduced by the discretization process can be neglected. Applications to data obtained for a thick polymer film exhibiting distinctly different lateral scattering as a function of incident angle have been used to test the procedure in real systems. The results presented here are intended to serve as a proof of concept of the application of depth-profiling methods to the determination of depth-dependent in-plane scattering profiles of substrate-supported copolymer films. It is acknowledged that the basic implementation of the algorithm can be significantly improved through consideration of a number of features. These include introduction of more sophisticated characterization of the quality of the resulting solution profiles, incorporation of a varying linear absorption coefficient and a better understanding of the role played by the Fresnel transmission function when dealing with non-ideal interfaces. Effective estimates of layer thicknesses with estimated uncertainties have not yet been attempted, given the uncertainty in the true sample thickness and the absence of information on the X-ray source divergence.
In conclusion, the feasibility of extracting depth-specific small-angle-scattering data from GISAXS profiles has been demonstrated. For situations where scattering relative to the specular beam can be isolated, the method offers the possibility of an in-situ nondestructive quantitative measure of interface-induced ordering/disordering effects.
